The size-controlled synthesis of monodispersed gold nanoparticles (AuNPs) stabilized by polyelectrolyte-functionalized ionic liquid (PFIL) is described. The resulting AuNPs' size, with a narrow distribution, can be tuned by the concentration of HAuCl 4 . Such PFIL-stabilized AuNPs (PFIL-AuNPs) showed a high stability in water at room temperature for at least one month; they were also quite stable in solutions of pH 7-13 and high concentration of NaCl. In addition, the PFIL-AuNPs exhibited obvious electrocatalytical activity toward β-nicotinamide adenine dinucleotide (NADH for short, a cofactor in enzymatic reactions of NAD + /NADH − -dependent dehydrogenases) oxidation, suggesting a potential application for bioelectroanalysis.
Introduction
Gold nanoparticles (AuNPs) have attracted considerable attention owing to their unusual properties and potential applications in optics, catalysts, sensors and biology [1, 2] . To date, many methods have been developed to synthesize AuNPs from about 1 nm to several micrometers in diameter. A typical and widely used method is based on the reduction of tetrachloroaurate ions in water using sodium citrate as reductant to obtain AuNPs with diameters ranging from 16 to 147 nm [3] . This method has shown a good control over the particle size, but it is limited to the synthesis of larger particles. Smaller-size AuNPs (from 1 to 5 nm) are usually prepared by borohydride reduction in the presence of thiol capping ligands using either a two-phase liquid/liquid system or a single-phase solvent [4] [5] [6] [7] . Disadvantages of this method include the use of a toxic organic solvent and the potential presence of impurities introduced by use of capping ligands which also hinder the surface modification 3 Corresponding authors with equivalent contribution. and functionalization of particles for particular applications. Stability of the gold nanoparticles is quite important for various applications. Polymer, as an effectively protective agent, has widely been used for synthesizing size-and shape-controlled gold nanoparticles. For example, Sun and Xia [8] synthesized shape-controlled gold and silver nanoparticles using poly(Nvinyl-2-pyrrolidone) as a protective agent in ethylene glycol. The resulting silver nanocubes, with edge length of 115 ± 9 and 95 ± 7 nm, exhibited good monodispersity. Schubert et al [9] synthesized stable AuNPs using star-shaped poly(ethylene oxide)-block-poly(caprolactone) ligands as templates, which led to rather better control over particle size distributions, but monodispersed particles could not be achieved by this way. Sun et al [10] prepared very stable gold nanoparticles protected by polyethylenimine, but the AuNPs were polydispersed. Cooper et al [4] prepared size-controlled and monodispersed gold nanoparticles using thioether-and thio-functionalized polymer ligands. However, size-controlled and monodispersed gold nanoparticles protected by amino-containing polymer have still not been examined at present.
Due to their unique chemical and physical properties, ionic liquids have attracted much attention for various applications such as catalysis [11] , extraction [12] and electrochemistry [13] . Recently, metal nanoparticles stabilized by ionic liquids have been synthesized; they showed unique properties. Dupont et al [14, 15] reported that iridium nanoparticles stabilized by the imidazolium ionic liquid unit showed a large increase in activity for the biphasic hydrogenation of various olefins and arenes under mild reaction conditions. Itoh et al [16] synthesized AuNPs modified by an imidazolium cation ionic liquid.
The ionic liquid-modified AuNPs could change color in aqueous solutions via anion exchange of the ionic liquid moiety. Tatumi et al [17] reported that gold nanoparticles stabilized by a zwitterionic imidazolium sulfonate-terminated thiol exhibited a remarkably high stability in aqueous solutions with high concentrations of electrolytes, ionic liquids, and proteins. Metal nanoparticles, as discussed above, were all stabilized by small ionic liquid derivatives. Moreover, metal nanoparticles were also stabilized by polymer. Batra et al [18] reported that gold-nanoparticle-containing ionic-liquidderived polymer was synthesized by UV irradiation of 1-decyl-3-vinylimidazolium chloride and an aqueous solution of HAuCl 4 . However, the initial reactant in synthesis of AuNPs was also a small ionic-liquid-derived molecule, i.e. 1-decyl-3-vinylimidazolium chloride. As far as we know, little work has been involved in the synthesis of AuNPs directly using polymer-functionalized ionic liquid as the stabilizer.
β-nicotinamide adenine dinucleotide (NADH) is involved as a cofactor in several hundred enzymatic reactions of NAD + /NADH-dependent dehydrogenases. The dehydrogenases catalyze the oxidation of a variety of families, such as alcohol, lactate, glucose, aldehyde, and carbohydrate, etc, that are of immense interest from the analytical point of view. The electrochemical oxidation of NADH has been the subject of numerous studies related to the development of amperometric biosensors [19, 20] . Problems inherent to such anodic detection are the large overvoltage encountered for NADH oxidation at ordinary electrodes [21] and surface fouling associated with the accumulation of reaction products [22] . Consequently, considerable effort has been devoted toward the goal of identifying new electrode materials and new methods that will reduce the overpotential for NADH oxidation and minimize the surface passivation effect [23, 24] . Some new materials, such as carbon nanotubes [23] , carbon fibers [25] and titanium-containing MCM-41 (a kind of mesoporous molecular sieve) [26] , etc have been used to decrease the overpotential of NADH for its detection; these are significantly promoting NADH-based biosensor development.
In our group, a polyelectrolyte-functionalized ionic liquid (PFIL, as illustrated in scheme 1) has been reported by covalent attachment of a carboxyl-terminated ionic liquid on a polyelectrolyte-polyethylenimine [27] . Our previous results have indicated that such a PFIL combines the individual advantages of each functional part in the material: high ionic conductivity, solvation properties originating from the ionic liquid part, and good immobilization and stability in aqueous solution from the polyelectrolyte [27] . In this study, we synthesized PFIL-stabilized gold nanoparticles by the reduction of sodium borohydride in water. The stability of the resulting PFIL-AuNPs was also explored. Furthermore, its electrocatalytical activity for NADH oxidation was examined too.
Experimental details

Materials
Polyethylenimine (PEI, M w = 25 000), HAuCl 4 ·3H 2 O and sodium borohydride (NaBH 4 ) were obtained from Aldrich. The polyelectrolyte-functionalized ionic liquid (PFIL, scheme 1) was prepared according to our previous report [27] . Dialysis membranes (MWCO 10 000) were obtained from Sino-American Biotechnology Co. Unless otherwise stated, reagents were of analytical grade and used as received. All aqueous solutions were prepared with double-distilled water from a Millipore system (>18 M cm).
Instruments and measurements
The UV-vis absorption spectra of PFIL-AuNPs in aqueous solution were collected using a CARY 500 UV/vis/NIR spectrophotometer. Transmission electron microscopy (TEM) micrographs were obtained using a JEOL 2000 transmission electron microscope operating at 200 kV. The samples for the TEM measurements were similarly prepared by placing a drop of PFIL-AuNP solution on a carbon-coated copper grid. X-ray photoelectron spectroscopy (XPS) analysis was carried out on an ESCALAB MK II x-ray photoelectron spectrometer. Cyclic voltammetric measurements were performed with a CHI 660 electrochemical workstation (CHI, USA).
Synthesis of PFIL-AuNPs
A general procedure for the preparation of polymer-stabilized gold nanoparticles in water is as follows. An aqueous solution of 30 mM HAuCl 4 was added to 2 ml of 1.5 mg ml was kept at room temperature for 3 h and dialyzed to remove borides in a dialysis membrane with double-distilled water for 3 days. For a control experiment, the PFIL-AuNPs were synthesized using PFIL as both the reductant and stabilizer without the use of NaBH 4 . An aqueous solution of 30 mM HAuCl 4 was added to 2 ml of 1.5 mg ml −1 PFIL aqueous solution to give the final concentration of HAuCl 4 of 0.75 mM. The solution was kept at room temperature for 24 h.
Stability of PFIL-AuNPs
The long-term stabilities in water and in different pH and high concentration of NaCl aqueous solution were determined by UV-vis absorption spectroscopy (sample 3 as an example). To determine the nanoparticle stability as a function of pH, 200 μl dialyzed PFIL-AuNP solution was diluted into 800 μl of different pH aqueous solutions. The pH of the solution was adjusted by HCl and NaOH solutions. To determine the nanoparticle stability with respect to the concentration of NaCl, 200 μl dialyzed PFIL-AuNP solution was mixed with 4 M NaCl solution and the final solution was diluted to 1 ml with double-distilled water.
Electrocatalysis of PFIL-AuNPs toward oxidation of NADH
Cyclic voltammetric measurements were performed in a conventional three-electrode cell with a platinum wire as the auxiliary electrode and Ag|AgCl (saturated KCl) as the reference electrode. The working electrode was a glassy carbon electrode (GCE, d = 3 mm diameter). Before the experiments, GCE was polished carefully with 1.0, 0.3, and 0.05 μm alumina slurry, respectively, to a mirror finish. The PFIL-AuNP-modified GCE was prepared by casting 2 μl dialyzed PFIL-AuNP solution on the surface of a GCE. After drying in air for 24 h, the PFIL-AuNP-modified GCE was obtained. The PFIL-modified GCE used in the control experiment was prepared with 2 μl PFIL solution (1.5 mg ml −1 ) using the same procedure.
Results and discussion
Characterizations of PFIL-AuNPs
TEM images and corresponding nanoparticle size analysis histograms of PFIL-AuNPs reduced by NaBH 4 are displayed in figure 1 . In the presence of 0.75, 1.5, 3 and 6 mM of HAuCl 4 , the AuNP sizes were 1.79±0.5, 1.89±0.7, 2.44±0.7 and 3.47 ± 1.3 nm (corresponding to (a), (b), (c) and (d) in figure 1 , respectively). These results indicated that the AuNP size has a narrow distribution and increases with increasing HAuCl 4 concentration. So the AuNP size is tunable simply by varying the concentration of HAuCl 4 . It was also noted (see figure 1(d) ) that the PFIL-AuNPs aggregate partially, which might be ascribed to the high concentration of HAuCl 4 . UV-vis absorption spectroscopy was also used to confirm the formation of PFIL-AuNPs. 
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Bonding Energy / eV figure 2 ), indicating an average particle size less than 2 nm [28] . The result is consistent with corresponding TEM result, 1.79 ± 0.5 nm. When the concentration of HAuCl 4 increased, a broad plasmon resonance band appeared and was red-shifted. These results also indicated that the AuNP size increased with increasing HAuCl 4 concentration. It is noted that the absorption increases strongly for wavelengths longer than 600 nm (see curve (d) in figure 2 ). Besides the increase of the AuNP size, this might be caused by the interaction of gold nanoparticles, leading to collective plasmon effects [29] .
To further confirm the formation of Au atoms from HAuCl 4 , the valence state of Au was identified by XPS. Figure 3 shows the XPS spectrum of sample 3 (as shown in figure 1(c) ). The Au 4f 7/2 peak appeared at a binding energy of 83.8 eV and the Au 4f 5/2 peak appeared at a binding energy of 87.4 eV. This indicated the formation of metallic gold [30] .
It has been reported that HAuCl 4 solution could be directly reduced by polyethylenimine [10] and alkylated polyethylenimines [31] . So it can be considered that HAuCl 4 might be reduced by the PFIL. For a control experiment, only HAuCl 4 and PFIL solution were mixed at room temperature without the addition of NaBH 4 . After incubating for several hours, the color of the solution turned into pink, indicating that the AuNPs have been successfully synthesized using PFIL as both reductant and stabilizer. Figure 4 shows typical UVvis spectrum (inset) and TEM image of the PFIL-AuNPs without the addition of NaBH 4 . The average diameter of AuNPs was about 50 nm, which is much larger than that of the nanoparticles synthesized by the reduction of NaBH 4 , and the particle size had a broad distribution, from 14 to 130 nm. The catalytical activity of AuNPs is strongly dependent on the size of Au nanoparticles, and only AuNPs below 5 nm show catalytical activity [32] . So it undoubtedly recommends that the synthesis of AuNP should relate to the reduction of NaBH 4 .
Stability of PFIL-AuNPs in aqueous solution
The usefulness of the AuNPs in biological applications, however, will require much more than just solubility in water. So the long-term stability was examined in water and also in various pH and ionic strength environments (using sample 3 again as the example, as shown in figure 1(c) ) by UV-vis absorption spectroscopy. The broad peak of the UV-vis spectra of PFIL-AuNP solution at room temperature was almost the same even after one month storage as that of freshly prepared solution ( figure 5 ). This indicates that the PFIL-AuNPs are quite stable in water without any aggregation at room temperature for at least one month.
UV-vis absorbance measurements of PFIL-AuNPs in different pH aqueous solution after storage for 10 min and 2 days were also performed to examine the pH stability further. After 10 min, the UV-vis absorbance peaks of solutions under different pH do not change (data not shown here). This indicated that the nanoparticles were also stable at pH 1-13 in the first 10 min. After 2 days incubation, the absorbance peak of the pH 1 aqueous solution was obviously changed, and a narrow peak at 525 nm appeared, as shown in figure 6 . At pH 3 and 5, the broad peaks were red-shifted slightly (see the inset, an enlarged view of the rectangular region in figure 6 ). At pH 7, the UV-vis spectra showed no change. These results demonstrated that the PFIL-AuNPs were unstable in acidic condition, but showed high stability in neutral and alkaline solutions. It was noted that there was no precipitation in all different pH conditions even after storage for one week. The stability of PFIL-AuNPs aqueous solution at different NaCl concentrations (to 2 M) after 24 h storage was also determined by UV-vis absorption spectroscopy. There were no evident and observable changes in the absorbance peaks (data not shown here), indicating that the PFIL-AuNPs were quite stable in the presence of a high concentration of NaCl.
In a previous report [33] , Pugh and Heller have confirmed the stabilization of colloidal particles by use of polyelectrolytes, which can combine both steric and electrostatic effects. Sun et al [10] reported that the AuNPs could be effectively protected by PEI. So, two possible reasons for such high stability of the PFIL-AuNPs in aqueous solution can be considered. First, the polyelectrolyte part of PFIL can act as an effective protection on the surface of AuNPs. Second, the positively charged imidazolium cation in PFIL can provide a stable electrostatic repulsion among the resulting PFIL-AuNPs to prevent the aggregation of AuNPs. However, the detailed stability mechanism of AuNPs stabilized by PFIL is under investigation.
Electrocatalysis of PFIL-AuNPs toward NADH oxidation
The electrochemical oxidation of NADH to enzymatically active NAD + has attracted much attention because over 300 dehydrogenases require NADH as a cofactor [20, 34] . For the potential application of PFIL-AuNPs in a biosensor, the electrocatalytical activity for NADH was also investigated. It has been reported that the PFIL showed electrocatalysis toward NADH oxidation [27] . Figure 7 presents the comparison of PFIL and PFIL-AuNPs at glass carbon electrodes for NADH oxidation. The anodic peak potential of the PFIL-modified GCE for NADH was 0.66 V (curve (a) in figure 7) . The peak potential of the PFIL-AuNP-modified GCE was 0.53 V (curve (b)), with an obvious decrease in overpotential (about 130 mV), indicating that the PFIL-AuNPs have much better electrocatalysis for NADH oxidation.
Conclusion
In this paper, we have reported a facile and size-controlled synthesis of monodispersed gold nanoparticles stabilized by polyelectrolyte-functionalized ionic liquid. The resulting nanoparticle size can be tuned by varying the concentration of HAuCl 4 . The PFIL-AuNPs were very stable in water at room temperature for at least one month. They were also very stable in the presence of a high concentration of NaCl and in neutral and alkaline conditions. Moreover, the resulting PFIL-AuNPs exhibited a good electrocatalysis toward NADH oxidation, which is potential application for further bioelectroanalysis.
